We study the tachyon condensation of the D-D-brane system with a constant tachyon vev in the context of classical solutions of the Type II supergravity. We find that the general solution with the symmetry SO(1, p) × SO(9 − p) (the three-parameter solution) includes the extremal black p-brane solution as an appropriate limit of the solution with fixing one of the three parameters (c 1 ). We investigate the behavior of the solution around the extremal limit and identify the trajectory corresponding to the tachyon condensation of the D-D-brane system in the parameter space of solution by comparing the behavior of the solution with that predicted by the boundary state. We find that we must fix c 1 to zero and the only two parameters are needed to express the decay of the D-D-brane system. This means that the parameter c 1 does not correspond to the tachyon vev of the D-D-brane system.
Introduction
In recent years, unstable D-brane systems have been investigated eagerly [1, 2] . They are characterized by the existence of a tachyon field on the world-volume and decay to the closed string vacuum or the stable BPS states by the tachyon condensation. For example, if we start from the system with the pair of a D-brane and aD-brane, it flows to the closed string vacuum by the tachyon condensation [3, 4] . Such phenomena are important not only for the string theory but also for the general relativity. In fact, the construction of a dynamical solution which represents the tachyon condensation is significant, since gravitational or observational objects are dynamical in general, such dynamical systems will be essential to describe realistic objects in terms of the string theory [5] .
The aim of this paper is to investigate the tachyon condensation in the coincident Dp-Dp-brane system from the view point of static classical solutions of the Type II supergravity, as a first step. (For earlier discussions, see Refs. [6] - [11] .) Especially we are interested in the information on the open string tachyon in terms of the supergravity. The system we consider in this article is that of N Dp-branes andNDp-branes (N >N).
For simplicity, we assume that the tachyon vev on the world-volume is constant. In this setting, the system possesses the symmetry ISO(1, p) × SO(9 − p). Although any number of DD-pairs can be annihilated by the tachyon condensation in general, we concentrate on the case where the final state is BPS saturated, that is, the system of (N −N) D-branes.
On the other hand, the general solution with the symmetry ISO(1, p) × SO(9 − p) in the Type II supergravity is known as the "three-parameter solution" [12] . Therefore, the three parameters of the solution should have a relationship to physical amount of the D-D-brane system. In fact, in Refs. [13, 14] , it is argued that the three parameters correspond to microscopic quantities, that is, the number of Dp-branes N, the number ofDp-branesN and the tachyon vev T , respectively. In this article, we re-examine the string theoretical meaning of the parameters by investigating the solution around the extremal p-brane solution [15] . For the extremal solution, there is a correspondence between the solution and the boundary state [16] . Thus, we can apply this procedure to a near extremal solution and can represent the parameters in the solution in terms of the string theory. As a result, we find that we need only two parameters to express the D-D-brane system. Especially, we emphasize that one of the parameters (c 1 ) does not correspond to T , as opposed to the proposal which has been made so far. The physical meaning of this parameter will be discussed in Ref. [17] . (For recent works, see Refs. [18] .)
The organization of this paper is as follows. In the next section, we review the tendimensional three-parameter solution. In the section 3, which is the main part of this article, we show that the three-parameter solution becomes the extremal black p-brane solution by taking an appropriate limit with one of the parameters of the solution fixing to an arbitrary value. We investigate the behavior of the three parameter solution around the black p-brane solution and compare it to the boundary state corresponding to the system of N D-branes andND-branes with a constant tachyon vev. We determine the values of the three parameters of the solution so that it represents the tachyon condensation of the D-D-brane system. The section 4 is devoted to the conclusion and the discussion.
2 Review of the Three-parameter Solution in Tendimensions In this section, we review the three-parameter solution given in Ref. [12] . 1 Since we are interested in the string theoretical interpretation of the solution, we only consider the ten-dimensional Type II supergravity.
We start with the ten-dimensional action,
where F (p+2) denotes the (p + 2)-form field strength which relates to the (p + 1)-form potential of the RR-field A (p+1) as F (p+2) = dA (p+1) . Since we consider the solution with the symmetry ISO(1, p) × SO(9 − p), we impose the ansatz,
where µ, ν = 0, · · · , p are indices of the longitudinal directions of the p-brane, i, j = p + 1, · · · , 9 express the orthogonal directions, and M = (µ, i). Under this ansatz, the equations of motion become 4) and the prime denotes the derivative with respect to r.
Authors in Ref. [12] show that the general asymptotically flat solution of the equations (2.3) is given by
7)
e Λ(r) = −η(c 2 2 − 1) 1/2 sinh(kh(r)) cosh(kh(r)) − c 2 sinh(kh(r))
,
The three parameters, 2 r 0 , c 1 , c 2 , are the integration constants that parametrize the solution. As discussed in Ref. [13] , the region of the parameters in the solution (2.5)-(2.8)
is
where we have already fixed the Z 2 symmetries of the solution,
by choosing c 1 ≥ 0 and k ≥ 0. Furthermore, we have a degree of freedom to choose the signs of r 7−p 0 and c 2 . In the next section, we will discuss the extremal black p-brane limit of the solution. To take this limit consistently, we must choose the branch,
For simplicity, we choose (r 7−p 0 ≥ 0, c 2 ≥ 0) in this article. 3 2 We have labeled c 3 of [12] as c 2 and k as −k according to [13] . 3 In Ref. [13] , the authors choose (r 7−p 0 ≤ 0, c 2 ≤ 0) for p = 0, · · · , 3 and (r 7−p 0 ≥ 0, c 2 ≥ 0) for p = 3, · · · , 6 by imposing that M should decrease monotonically as c 1 increases, since they identify c 1 as the tachyon vev. In this article, however, we conclude that c 1 is not the vev of the open string tachyon, and thus, there is still an ambiguity in the signs of r 7−p 0 and c 2 .
From the view point of the gravity theory, the three-parameter solution denotes the charged dilatonic black hole. Thus, the RR charge Q and the ADM mass M are natural quantities to characterize the solution. 4 For convenience, we consider wrapping the spatial world-volume direction on a torus T p of volume V p . The RR charge is given by an appropriate surface integral over the sphere-at-infinity in the transverse directions [13, 19] ;
and
The ADM mass is defined as [20, 21] 
where the metric is written in Einstein frame andκ 2 ≡ κ 2 /V p . Using this definition, we see that the ADM mass of the three-parameter solution is [13] 
D-D-brane System in the Three-parameter Solution
In the previous section, we reviewed the ten-dimensional three parameter solution and defined the physical quantities Q and M. In this section, we show that we can obtain the extremal black p-brane solution as an appropriate limit of the three parameter solution for an arbitrary value of c 1 . By comparing the behavior of the solution around the extremal solution with the boundary state corresponding to the system of N D-branes andNDbranes with a constant tachyon vev, we determine the trajectory in the parameter space of the solution that expresses the tachyon condensation of the D-D-brane system. 4 In addition to Q and M , it is often useful to define the "dilaton charge" D. In the case of the three-parameter solution [10] ,
Instead of (c 1 , c 2 , r 0 ), we can use (Q, M, D) to parametrize the solution.
Three-parameter solution around the black p-brane solution
Let us first show that the three-parameter solution coincides with the extremal black pbrane solution under a certain limit for ∀ c 1 . 5 The ten-dimensional extremal black p-brane solution (p < 7) is given by [15] ds
where f p (r) is defined as 
When ǫ ′ → 0, the three-parameter solution coincides with the extremal black p-brane 
After almost completing this work, we found that the same idea has been developed independently by the authors of Ref. [18] . 6 In [13] , the black p-brane solution is given as the ǫ → 0 limit of
Since k → 0 means c 1 → c m , this is a particular example of (3.5).
Thus, if we set c 1 = 0, 7 M is invariant under the change of ǫ ′ . Moreover, if c 1 = 0, Q and M satisfy the relation,
thus the parameter ǫ ′ can be regarded as a "non-extremality parameter". Note that, in the ǫ ′ → 0 limit, the RR-charge and the ADM mass become
for an arbitrary value of c 1 . Thus, the solution in this limit expresses actuarially an extremal black p-brane.
Next we examine the behavior of the solution around the extremal limit. One might consider that ǫ ′ defined above would be a good parameter of expansion. However, this is not the case in considering the tachyon condensation of the D-D 
thus the RR-charge is invariant when ǫ changes as announced. From now on, we parametrize the space of the solution by the parameters (c 1 , r 7−p 0 , ǫ). Note that the ǫ → 0 limit of the solution is also the extremal black p-brane solution with the identification, 
24)
where · · · includes both of quantities of the order O(ǫ 3 ) and O(1/r 2(7−p) ).
Comparison with the boundary state
In this subsection, we show that D-D-brane system with a constant tachyon vev corresponds to the three-parameter solution of c 1 = 0 at least for small ǫ. This means that we need only two parameters to express D-D-brane system in the low-energy gravity theory.
To show it, we use the correspondence between the extremal black p-brane solution and the boundary state established in Ref. [16] .
Let us first briefly review the system of N D-branes andND-branes with a constant tachyon vev. The gauge symmetry of the low energy effective theory on the world-volume is U(N) × U(N ). There is a complex tachyon field on it that is in the bi-fundamental representation of the gauge group. In this article, we assume that only the components of the tachyon field that connectN DD-pairs have the same vacuum expectation value T , 8 since we consider the case where theN DD-pairs vanish. It is known that this system can be expressed by the boundary state on which the boundary interaction for the tachyon field is turned [3, 4] . For our case, the NSNS part of the boundary state is given by According to the discussion in Ref. [16] , the long distance behavior of the classical solution of the Type II supergravity corresponding to the D-D-brane system can be read off from the the boundary state (3.25). Following Ref. [16] , we first define the quantity,
Here k i is the momentum of the transverse direction to the brane. We can evaluate the long distance behavior of the graviton and the dilaton by multiplying the corresponding polarization tensors,
where the additional factors are necessary to compare to the classical solution. (For detail, see Ref. [16] .) For the RR (p + 1)-form field, the similar calculation leads to the result, First let us determine the parameter c 1 . As mentioned before, the effect of the tachyon vev is reflected only in the shift of the tension of the p-brane. Therefore, the ratio of the long distance behavior of the classical solution, h
ij and φ (1) , does not change even if the tachyon field is excited. Looking at the expressions (3.21)-(3.24), this situation is realized only when c 1 = 0.
Then we can determine the value of r 7−p 0 by comparing the result of T → ∞ and ǫ → 0. Since the final state of this system is (N −N) coincident Dp-brane, we conclude
Finally, the behavior of the classical solution agrees with the prediction of the boundary state by identifying ǫ 2 2 ∼ e −T 2 .
From the above consideration, we conclude that the three parameter solution with c 1 = 0, 
Conclusion and Discussion
In this paper, we discussed the tachyon condensation of the system of N D-branes and ND-branes with a constant tachyon vev T using the general solution of the Type II supergravity with the symmetry ISO(1, p)×SO(9−p). Since the solution is parametrized by the three parameters c 1 , c 2 and r 7−p 0 , it is called the "three-parameter solution". We found that the three-parameter solution becomes the extremal black p-brane solution by taking an appropriate limit for an arbitrary value of c 1 . We investigated the behavior of the solution around the black p-brane solution. By carefully defining the parameter of expansion, we identified the trajectory in the parameter space of this solution that corresponds to the tachyon condensation of the D-D-brane system around T ∼ ∞. We conclude that such a trajectory is on the surface c 1 = 0, and the tachyon vev corresponds to the expansion parameter.
We conclude this article by making small comment on the parameter c 1 . In this article, it has become clear that we need only two parameters r 0 and c 2 to express the classical behavior of D-D-brane systems and we must fix c 1 = 0 at least around the last stage of the tachyon condensation. In fact, if c 1 turns on, the shift of the solution from the extremal black p-brane cannot explain from the tachyon field on the D-D-brane. This means that c 1 relates to another physical quantity in the string theory, which will be discussed in the paper in preparation [17] .
